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A B S T R A C T
This paper deals with a numerical investigation of double-diffusive natural convective heat andmass transfer
in a cavity ﬁlled with Newtonian ﬂuid. The active parts of two vertical walls of the cavity are maintained at
ﬁxed but different temperatures and concentrations, while the other two walls, as well as inactive areas of
the sidewalls, are considered to be adiabatic and impermeable to mass transfer. The length of the thermally
active part equals half of the height. The non-dimensional forms of governing transport equations that de-
scribe double-diffusive natural convection for two-dimensional incompressible ﬂoware functions of temperature
or energy, concentration, vorticity, and stream-function. The coupled differential equations are discretized via
FDM (Finite Difference Method). The Successive-Over-Relaxation (SOR) method is used in the solution of the
stream function equation. The analysis has been done for an enclosurewith different aspect ratios ranging from
0.5 to 11 for three different combinations of partially active sections. The results are presented graphically in
terms of streamlines, isotherms and isoconcentrations. In addition, the heat andmass transfer rate in the cavity
ismeasured in terms of the average Nusselt and Sherwood numbers for various parameters including thermal
Grashof number, Lewis number, buoyancy ratio and aspect ratio. It is revealed that the placement order of
partially thermally active walls and the buoyancy ratio inﬂuence signiﬁcantly the ﬂow pattern and the cor-
responding heat and mass transfer performance in the cavity.
Copyright © 2015, The Authors. Production and hosting by Elsevier B.V. on behalf of Karabuk
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction
In nature and many industrial applications, there is a diversity of
transport processes where simultaneous heat and mass transfer is a
common phenomenon. Fluid ﬂows generated by combining temper-
ature and concentration buoyancy forces are called double-diffusive
convection. Double diffusion convection occurs in awide range of ﬁelds
such as oceanography, astrophysics, geology, biology, chemical pro-
cesses and, geophysical problems. It also happens inmany engineering
applications such as solar ponds, natural gas storage tanks, crystalmanu-
facturing,material processing, food processing, etc. To have an overview
of thephenomenon see some relevant fundamentalworks [1–3]. A com-
prehensive early overview of the literature was reported by Bejan [4],
Viskanta et al. [5] and Fernando [6].
More recently the enthusiasm for double diffusive convection is
to study the phenomenon in the square and rectangular enclosures.
Makayssi et al. [7] performed both analytical and numerical anal-
yses of natural double-diffusive convection in a shallow enclosure
ﬁlledwith a non-Newtonian power-law ﬂuid. In their case, both short
vertical walls were submitted to uniform heat and mass ﬂuxes
whereas the top and bottom sides were insulated and imperme-
able tomass transfer. The authors examined the inﬂuence of different
parameters (aspect ratio, Lewis number, Buoyancy ratio number,
power-law behavior index, Prandtl number, thermal Rayleigh
number) on the ﬂuid ﬂow and heat and mass transfer characteris-
tics. The effect of variable density on thermosolutal natural
convection in a binary mixture of ideal gasses contained in a ver-
tical enclosure was numerically investigated by Sun et al. [8]. The
results showed that the effects of non-Boussinesq were more sig-
niﬁcant in the opposing ﬂow than in the aiding ﬂow where both
solutal and thermal forces are equal in intensity.
Al-Farhany and Turan [9] studied numerically steady conju-
gate double-diffusive natural convective in a two-dimensional porous
cavity sandwiched between two ﬁnite thickness walls ﬁlled with
anisotropic porous medium. Investigations for a variable porosity
medium with a wide range of the modiﬁed Rayleigh number
( 10 1000≤ ≤Ra ), buoyancy ratio ( − ≤ ≤2 2N ), Lewis number
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( 0 1 10. ≤ ≤Le ), thermal conductivity ratio ( 0 1 10. ≤ ≤Kr ), and ratio
of wall thickness to its height ( 0 1 0 4. .≤ ≤D ) were performed by the
authors. They concluded that the increase in the Rayleigh leads to
increase in the Nusselt number while it decreases with increasing
thermal conductivity ratio, Lewis number, and the wall thickness
number. Bera et al. [10] have presented a numerical study to un-
derstand the effect of local thermal non-equilibrium (LTNE) state
on the phenomenon of double-diffusive natural convection in a
square enclosure ﬁlled with porousmedium. A ﬁnite volumemethod
that has been proposed by Patankar [11] was employed. The results
indicated that LTNE state had a signiﬁcant inﬂuence on the rate of
heat transfer and thermal distribution while its impact on the mass
transfer rate and solute distribution was negligible. Harzallah et al.
[12] numerically studied double-diffusive natural convection in a
porous vertical enclosure using an LTNE model. The cavity was
bounded by ﬁnite thickness walls with opposing temperature, con-
centration gradients on vertical walls as well as adiabatic and
impermeable horizontal ones. The porous medium was assumed
to be hydrodynamically anisotropic. Calculations were performed
for various parameters to analyze the effects of two main factors
including ﬁnite thickness conducting walls and the mechanical an-
isotropy on the unsteady double-diffusive natural convection. At
another work, the impacts of radiative parameters such as the par-
ticular emissivity ε, and the optical thickness τD on ﬂuid ﬂow, heat
and mass transfer by natural convection and thermal radiation in
a cavity ﬁlledwith a ﬂuid saturated porousmedium has been studied
by Jbara et al. [13]. It was observed from their results that with the
increase in particular emissivity ε and the optical thickness τD, tem-
perature and velocity values were found to be increased while it
led to the reduction in concentration values.
Teamah [14] performed a numerical study to investigate the
effect of magnetic ﬁeld on double diffusive natural convection
in a two-dimensional rectangular enclosure. Constant tempera-
tures and concentration were imposed along the left and right
walls of the enclosure while the upper and lower surfaces were
adiabatic and impermeable to mass transfer. Besides, a uniform
magnetic ﬁeld was applied in a horizontal direction. The laminar
regime was considered under steady state condition. The author
covered a wide range of RaT (10 103 6≤ ≤RaT ), N ( − ≤ ≤10 10N ), Ha
( 0 200≤ ≤Ha ), and ( − ≤ ≤ +50 25φ ) for the ﬁxed Lewis number
Le = 1 and Prandtl number Pr = 0.7. The results indicated that the
magnetic ﬁeld caused the reduction in heat transfer and ﬂuid
circulation within the cavity. It was also observed that the average
Nusselt number tended to be increased in the presence of a heat
sink while heat source was found to decrease it. Later, Teamah
et al. [15] analyzed the double-diffusive natural convective ﬂow in
an inclined rectangular cavity in the presence of magnetic ﬁeld
and heat source. Their cavity and conditions were similar to that
of Teamah [14]. They found that the inclination angle had a
considerable inﬂuence on heat and mass transfer rate so that the
maximum average Nusselt and Sherwood numbers were obtained
at two inclination angles, γ = °45 and 135°.
Islam et al. [16] numerically examined laminar mixed convec-
tion in a lid-driven square cavity having a square internal blockage.
In their experiment, the blockage was maintained at a hot temper-
ature and four surfaces of the cavity (including the lid) were
maintained at a cold temperature. A ﬁnite volume method of the
ANSYS FLUENT commercial CFD code was used to solve the problem.
The results indicated that both blockage ratios (deﬁned as the ratio
of blockage size to cavity height), as well as placement locations
of the blockage inside the cavity, have signiﬁcant effects on the
average Nusselt number. The authors concluded that the most ef-
fective heat transfer was obtained when the blockage was located
at the top-left and the bottom-right corners of the enclosure. They
also observed that as the blockage ratio increases, the average Nusselt
number tends to decrease up to a certain value of the blockage ratio.
Morshed et al. [17] did an extension for Islam et al.’s [16] study with
two isothermally heated square internal blockages. Their cavity and
conditions were similar to that of Islam et al. [16]. The numerical
results were reported for blockage ratio, Reynolds number, and
Richardson number at a ﬁxed Prandtl number (0.71). The place-
ment order of the blockages had a signiﬁcant inﬂuence on heat and
mass transfer rate; to explore this effect three different blockage
placement cases were studied. The results revealed that the highest
average Nusselt number was obtained in Case III while Case I was
the least favorable blockage placement in terms of the heat trans-
fer performance. Double-diffusive laminar mixed convection in a
two-dimensional inclined enclosure with the moving top lid con-
sidered to move in both upward and downward directions was
investigated numerically by Teamah et al. [18]. The results indi-
cated that the ﬂow ﬁeld was characterized by a primary circulating
bubble with its place depending on the direction of the moving
lid.
The above literature surveys show that most of the works con-
cerned with the heat and mass transfer convection in rectangular
geometries are because of either vertical or horizontal tempera-
ture and concentration difference. However, some engineering
applications such as solar energy collection, prevention of subsoil
water pollution, cooling of electronic components, ﬂuidized bed
chemical reactor are subjected to partial heating and cooling zones.
In fact, the complete active walls are not optimized for the heat and
mass transfer in such practical applications. In other words, the rel-
ative position of the hot and coldwall regions plays amore signiﬁcant
role in optimizing heat and mass transfer rate in the cavity. There-
fore, it is required to study the convective heat and mass transfer
in the enclosures with partially active thermal and solutal walls in
order to obtain the results that give a better understanding of these
applications.
Natural convection in a partial heating and cooling cavity has
been extensively studied in the literature [19–23].
However, less attention has been given to the phenomenon of
the double-diffusive natural convectionwith partial thermal and con-
centration sources. Nithyadevi and Yang [24] studied the effect of
double-diffusive natural convection of water ﬁlled in a partially
heated square cavity with Soret and Dufour coeﬃcients around the
density maximum. The results demonstrated that the tempera-
ture of maximum density leaves strong effects on the heat andmass
transfer because of the formation of bi-cellular structure. Also, it
was found that the increase in the thermal Rayleigh number leads
to increase in heat andmass transfer rate irrespective of the thermal
source section. A steady laminar ﬂow of double-diffusive convec-
tive heat transfer and ﬂuid ﬂow in a square cavity with three heaters
situated at equal pitches on the left side wall has been studied by
Teamah et al. [25]. Investigations for various Rayleigh number, Prandtl
number, buoyancy ratio, and dimensionless heater lengths at a Lewis
number of 2 were performed by the authors. They concluded that
the heat and mass transfer increases with increasing the Rayleigh
and Prandtl numbers. Moreover, they found that the average Nusselt
and Sherwood numbers increase as the heater length increases.
Oueslati et al. [26] have numerically investigated double-diffusive
natural convection with entropy generation in an enclosure par-
tially heated and salted from the left vertical sidewall. They
concentrated their study on inﬂuences of the major parameters
(Rayleigh number, buoyancy ratio, source length, Lewis number and
source location) on the rate of heat and mass transfer in the rect-
angular cavity with an aspect ratio (Ar = 4).
The present investigation is an extension of Nikbakhti and Rahimi
[27] study. They analyzed different thermally active locations to
obtain the optimum combinations in terms of the heat and mass
transfer performance in the cavity. However, it is worth to note that
the heat and mass transfer performance could also depend on other
important factors such as the orientation of the thermal and solutal
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buoyancy forces in the cavity. Thus, themain objective of the present
study is to investigate the simultaneous effects of the buoyancy forces
and the placement order of heating and cooling sections on the ﬂow
pattern and the corresponding heat and mass transfer in the cavity.
Moreover, the effects of some effective parameters including thermal
Grashof number, aspect ratio, and Lewis number on heat and mass
transfer (based on the average Nusselt and Sherwood numbers) are
also discussed.
2. Physical model and governing equations
The studied conﬁguration, depicted in Fig. 1a, is a two-
dimensional rectangular cavity of length L and height H ﬁlled with
moist air, with Pr = 0.71. The partially thermally active sidewalls of
the cavity are speciﬁed at two ﬁxed different temperatures and con-
centrations. The left wall is partially at Th , Ch and the right wall at
Tc , Cc where T Th c> and C Ch c> . Also, the remaining sidewalls and
horizontal walls are considered to be adiabatic and impermeable
to mass transfer.
Aspect ratio is deﬁned as the ratio of the height H to the length
L of the cavity (Ar = H/L). The length of the thermally active part is
h = H/2. According to the locations of the active thermal zones, nine
different heating combinations can be visualized. However, in this
work three different cases of arrangements of heated and cooled
zones are considered to investigate various parameters in the double-
diffusive phenomenon as shown in Fig. 1b.
Here, the ﬂuid is assumed to be incompressible, Newtonian, and
viscous and also viscous dissipation is considered to be negligible.
The gravity acts in the downward direction. The ﬂow is driven by
combined buoyancy forces because of both temperature as well as
concentration variations. So the density is taken as a function of both
temperature and concentration levels through the Boussinesq
approximations:
ρ ρ β β= − −( )− −( )[ ]0 1 T c ST T C Cc (1)
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is the concentration expansion coeﬃcient. It is
worthy to mention that the concentration expansion is slightly
different from the thermal one. βT is always positive (an
increase in temperature induces a decrease in density)
whereas βS may be either positive or negative (an increase
in concentration induces a decrease or an increase in
density, respectively). Here according to the location of the high
concentration on the hot sidewall and that of the low concentra-
tion on the cold sidewall, the concentration expansion
coeﬃcient is assumed to be negative. With these descriptions
and assumptions of the problem, and representing the position
through Cartesian coordinate system in two dimensions, the gov-
erning equations could be written in dimensional form as the
following:
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Fig. 1. (a) Physical conﬁguration. (b) Three different thermally active locations.
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The appropriate initial and boundary conditions are
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We get the vorticity–stream function formulation of the above
problems (1)–(5) as
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The non-dimensional parameters that appear in the
equations are: Pr the Prandtl number, Sc the Schmidt number
and GrT the thermal Grashof number. The parameter
N C C T TS h c T h c= −( )( ) −( )( )( )β β is the buoyancy ratio, which is the
ratio between the solute and thermal buoyancy forces. It can be
either positive or negative, and its sign depends on the concentra-
tion expansion coeﬃcient and the location of the pollutant
concentration on the hot or cold vertical partial walls. In fact, the
solutal and thermal buoyancy forces may be either aiding or op-
posing each other. So depending on the directions of the buoyancy
forces, the problem can be either an aiding or opposing buoyancy
condition. The local Nusselt and Sherwood numbers are deﬁned by
Nu X X= −∂ ∂( ) =θ 0 , Sh S X X= −∂ ∂( ) =0 , respectively to result in the
average Nusselt and Sherwood numbers as Nu h Nu dYh= ( ) ∫1 ,
Sh h Sh dYh= ( ) ∫1 , respectively where h = H/2 is the height of the
heating section.
The initial and boundary conditions in the dimensionless form
are
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3. Method of solution
Finite Difference Method is employed to solve numerically the
governing equations (7) to (10) together with the initial and bound-
ary conditions. Alternating Direction Implicit (ADI) technique is used
to solve the vorticity, energy andmass equations and Successive Over
Relaxation (SOR) method is applied to solve the stream function
equation. In addition, a central differencing is utilized to discretize
the buoyancy and diffusive terms whereas the usage of upwind dif-
ferencing is preferred for convective terms for numerical stability.
Starting from arbitrarily speciﬁed initial values of variables, the
discretized transient equations are then solved by marching in time
until an asymptotic steady-state solution is reached. In order to
obtain converged solutions, an over-relation parameter of 1.8 is
chosen for stream function. The convergence of iteration for stream
function solution is obtained at each time step. The following cri-
terion is employed to check for steady-state solution
Φ Φ
Φ
i j
k
i j
k
max m n
, ,
+
−
× ×
≤∑∑ 1 ε (11)
where Φ stands for Ψ, ξ or θ ; k refers to time, and i and j refer to
space coordinates. The value of ε is chosen as 10 5− . The time step
used in the computations is varied between 0.00001 and 0.004 de-
pending on the Grashof number and mesh size values.
4. Grid sensitivity study and code validation
The numerical solutions are found for different grid systems from
21 × 21 to 101 × 101 for Ar = 1when Gr = 106 , Le = 3 and N = 0 2. in
the bottom–top thermal active section. It is observed that a further
reﬁnement of grids from 61 × 61 to 101 × 101 does not have a sig-
niﬁcant effect on the results in terms of the average Nusselt and
Sherwood number and the maximum value of the stream func-
tion, as shown in Table 1 and Fig. 2. Based on these observations,
a uniform grid of 61 × 61 points is used for all the calculations for
Ar = 1. Also, similar grid dependency tests are performed for the
other aspect ratios and an optimum grid size is obtained for each
one.
Table 1
Grid independence study in the square cavity with ( Gr = 106 , Le = 3 and N = −0 2. ).
Grid size 21 21× 31 31× 41 41× 51 51× 61 61× 71 71× 81 81× 91 91×
Nu 6.311 6.0925 6.012 5.975 5.9623 5.9522 5.9452 5.9450
Sh 10.1715 9.3645 9.1024 8.9395 8.824 8.7858 8.773 8.772
ψ max 30.8228 28.3677 27.2458 26.6807 26.2788 26.0198 25.7667 25.6504
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In order to test the accuracy and validity of the computer code
for the present study, different numerical simulations obtained from
the code were compared with the available results in the litera-
ture. First, we carried out the numerical simulations for double
diffusive natural convection in a rectangular cavity with Ar = 2. The
results are compared with Teamah et al. [15] and Oueslati et al. [26];
the comparison is shown in Table 2. In the following, as an addi-
tional veriﬁcation, the present results are compared with the natural
convection in a square cavity with partially active thermal walls re-
ported by Valencia and Frederick [28] and by Bhuvaneswari et al.
[29] shown in Table 3.
It can be observed that the results of the present simulation agree
well with the earlier investigations and therefore, they provide con-
ﬁdence to the accuracy of the present numerical method.
5. Results and discussion
In the present study, all numerical calculations are performed
at a ﬁxed Prandtl number of 0.71. The results are displayed in the
form of stream lines, isothermal lines, isoconcentration lines to in-
vestigate the effect of buoyancy ratio and arrangements of partially
active thermal walls on the ﬂuid ﬂow and heat and mass transfer
characteristics of natural convection in a square cavity (i.e., Ar = 1).
Also, the rate of heat and mass transfer at different conditions in
the cavity is measured in terms of the average Nusselt number and
the average Sherwood number.
Fig. 3i–ix demonstrates ﬂow lines, isotherms and
isoconcentrations for three different heating locations with Le = 2,
N = −0 2. , and GrT = 106 . For N = −0 2. , the ﬂuid ﬂow is mainly inﬂu-
enced by temperature gradient whichmeans that thermal buoyancy
force dominates within the enclosure and therefore, the ﬂow is in
the clockwise rotation direction. When the heating section is top–
bottom, as illustrated in Fig. 3i, ﬂow lines are split into two distinct
cells. The center of each cell is placed near the active heating and
cooling zones on the top part of the left and the bottom part of the
right walls, respectively. Thus, the top portion of the left active
thermal zone and the bottom portion of the right active thermal
zone are more effective.
There is a clockwise rotating vortex inside the cavity with two
inner equal cells when the active thermal sections move to the
middle of the sidewalls (Fig. 3iv). Their centers are shifted toward
the upper parts of the heating section on the left wall and the
lower parts of the cooling section on the right wall. However, the
bottom left and the top right corners of the cavity seem to be less
active. In the bottom–top active section (Fig. 3vii) the ﬂuid is
driven upward by the heating section and then downward by
the cooling section, and therefore, the ﬂow occupies the whole
cavity. In this case, where the heating and cooling zones are
located diagonally opposite, two inner cells exist in the central
clockwise vortex. Interestingly, their centers move toward the
core region of the cavity away from the thermally active zones.
The strength of the ﬂow has become stronger, and the velocity
and circulation rate are maximum in this combination compared
to others.
The corresponding isotherms indicate relatively parallel tem-
perature distribution to the horizontal top and bottom walls with
the domination of the conduction mode of heat transfer (Fig. 3ii).
With moving the heating section toward the lower part of the left
wall and the cooling section toward the upper part of the right wall,
the isotherms are skewed toward the active zones (Fig. 3viii). In this
case, strong thermal boundary layers are formed at the vicinity of
the active thermal sections and heat transfer rate is considerably
enhanced in the cavity. It is also an interesting result that the iso-
therms are symmetrical across the cavity due to the diagonal
interaction between the heating and cooling sections.
Fig. 2. Grid size independency test.
Table 2
Comparison of Nu and Sh for N = 0.8, Ra = 105, and Le = 2.
Nu Sh
Teamah et al. [15] 3.4613 4.3767
Oueslati et al. [26] 3.3952 4.3917
Present study 4.0886 5.3012
Table 3
Comparison of Nu for a square cavity with middle–middle active walls.
Ra 104 105 106
Valencia and Frederick [28] . . .. . . 6.383 12.028
Bhuvaneswari et al. [29] 3.318 6.198 11.832
Present study 3.332 6.306 12.016
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The isopleths of concentration have similar manner as that of
temperature, which is mainly because of the similarity of energy
and mass transfer equations. However, isoconcentration lines are
more distorted and indicate the sharper gradients at the ther-
mally active zones implying higher mass transfer in the cavity. It
is also observed that the formed solutal boundary layer is thinner
than the formed thermal boundary layer. It is worthy to note that
the thermal diffusivity has a greater effect on ﬂuid than the mass
diffusivity does since the Schmidt number Sc = 1 42. is over the
Prandtl number.
Streamlines, isothermals, and isoconcentrations are shown in
Fig. 4 when the buoyancy ratio is N = −1 5. . In this case, the ﬂow is
Fig. 3. Streamlines, Isotherms and Isoconcentrations for (a) top–bottom, (b) middle–middle and (c) bottom–top, Le = 2, GrT = 106 and N = −0 2. .
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mainly inﬂuenced by concentration gradient that means the solutal
buoyancy force dominates over the thermal buoyancy force causing
the ﬂow reversal. The ﬂuid ﬂow moves downward along the left
wall and moves upward along the right wall. Thus, the ﬂow
rotates in the counterclockwise rotation direction within the
cavity.
In the top–bottom, an anticlockwise compositional circulation
is seen in the core region of the cavity along with two clockwise
thermal circulations appearing near themiddle of the top and bottom
walls of the cavity (Fig. 4i). It is further observed that the ﬂow is
more intensive in themiddle parts than the lower or the upper parts
of the cavity. The similar ﬂow pattern can be observed when both
heating and cooling active sections are located in the middle of the
sidewalls, shown in Fig. 4iv. It is seen that, a principal cell rotating
in the counterclockwise direction is formed in the middle of the
cavity with twoweak clockwise thermal circulations appearing near
Fig. 4. Streamlines, Isotherms and Isoconcentrations for (a) top–bottom, (b) middle–middle and (c) bottom–top, Le = 2, GrT = 106 and N = −1 5. .
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the top left and the bottom right corners of the cavity. It is noted
that the ﬂow strength has been considerably reduced compared to
the top–bottom. In the bottom–top active section something
interesting happens. Fig. 4vii shows the ﬂow pattern inside the cavity
is completely reverse as it was in the top–bottom for N = −0 2. . When
N = −1 5. the ﬂow is mainly dominated by solutal buoyancy effects
causing the change in the ﬂuid rotation direction and therefore, the
ﬂow starts to rotate in a counterclockwise direction in two sepa-
rate cells.
Interestingly, the isotherms and isoconcentrations are reori-
ented in the reverse manner compared to N = −0 2. . In the top–
bottom section, the temperature and concentration contours are
well distributed in the cavity which results in the increasing rate
of heat and mass transfer. In the middle–middle combination, the
contours of temperature and concentration are almost stratiﬁed
in a parallel manner to each other in the core of the cavity. In the
bottom–top section, the corresponding isothermal and
isoconcentration lines indicate almost vertical temperature and
concentration distributions in the cavity. In this case, the domi-
nant mode of heat and mass transfer is conduction (Fig. 4viii and
ix). Hence, the bottom–top location indicates very poor heat
distributions, and it causes the low heat and mass transfer rate in
the enclosure for N = −1 5. . It can be further seen that both
isothermal and isoconcentration lines have a diagonal symmetry
in the enclosure, although the isoconcentration lines are more
distorted.
In the following, the effect of the buoyancy ratio in both aiding
and opposing ﬂows on the ﬂow dynamics as well as thermal and
solutal distributions in the square cavity is discussed. As men-
tioned before, the buoyancy ratio N is deﬁned as the ratio of solutal
buoyancy to thermal buoyancy forces and it measures the relative
signiﬁcance of thermal and mass diffusion in the buoyancy-driven
ﬂow. Diffusion forces may be in favor or against each other. In the
aiding ﬂow, thermal and solutal buoyancy forces are in the same
direction and exert the augmentative inﬂuence on the ﬂuid ﬂow
while in the opposing ﬂow thermal and solutal buoyancy forces act
in the opposing direction.
Fig. 5 displays streamlines in the middle–middle active section
for − ≤ ≤3 1N with the following characteristics; Ar = 1, Le = 1, and
GrT = 106 . It is observed that as the buoyancy ratio decreases grad-
ually from N = 1 (in aiding ﬂow) to N = −1 (in opposing ﬂow), the
circulation rate and velocity are decreased. It is worthy to note that
for 1 1< < −N the ﬂow is primarily dominated by thermal buoyan-
cy effects and it rotates in clockwise direction. It is interesting that
in N = −1, there is no ﬂow in the cavity. In this critical point, both
thermal and solutal buoyancy forces act opposite to each other with
the same order of magnitude resulting in counterbalancing their
effects. Thus, ﬂow and heat and mass transfer occurs primarily due
to diffusion. After N = −1, the ﬂow is mainly dominated by solutal
buoyancy forces leading to change in the ﬂow rotation orienta-
tion. It is seen that with increasing the buoyancy ratio the circulation
rate and velocity are increased in the cavity. It is an interesting result
that in N = −3 in opposing ﬂow the strength of the ﬂow is as high
as that in N = 1 in aiding ﬂow but the ﬂow rotation direction is com-
pletely inversed.
Isothermal lines and isoconcentration lines are shown in Figs. 6
and 7, respectively. As it is illustrated, for N = −1 temperature and
concentration distributions are almost straight lines in the cavity
and the isothermal and isoconcentration lines predict conduction
mode of heat transfer with no buoyant convection ﬂow. It is worth
noting that the isopleths of concentration have similar behavior as
that of temperature, which is mainly because of the similarity of
energy and mass transfer equations although the concentration and
temperature boundary conditions are reversed. The only distinc-
tive difference can be observed in N = 0 . At this point, we do not
have any concentration variation and therefore, there are not any
solutal buoyancy forces due to the concentration gradient in the
cavity.
The time history of the average Nusselt and Sherwood numbers
for different aspect ratios and bottom–top thermal active location
are displayed in Fig. 8. As it is illustrated, the increase in the
aspect ratio results in increasing the time to reach the steady-
state situation of the solution. It can be further seen that the
average Nusselt and Sherwood numbers are increased as the
aspect ratio increases.
In order to gain a deeper insight into the ﬂuid ﬂow behavior, the
mid-height velocity proﬁle for different aspect ratios and middle–
middle thermally active location is exhibited in Fig. 9a. The vertical
velocity of the ﬂuid particles at mid-height of the enclosure in-
creases as the aspect ratio increases. It is further observed that a
symmetric trend of the vertical velocity proﬁle shows the direc-
tion of ﬂowwithin the cavity. Fig. 9b and c displays the temperature
and concentration proﬁles for different aspect ratios and middle–
middle thermally active location. It is seen that increasing aspect
ratio does not have any signiﬁcant inﬂuence on temperature and
concentration proﬁles and, interestingly they demonstrate similar
behaviors.
Average Nusselt and Sherwood numbers as a function of the
thermal Grashof number for different aspect ratios and the bottom–
top location have been depicted in Fig. 10. Generally, the average
Nusselt and Sherwood numbers are increased with increase in
the Grashof Number, which leads to enhancing heat and mass
transfer rate in the cavity. As it is illustrated for low values
of the Grashof numbers, increasing aspect ratio does not exert
considerable inﬂuence on the average Nusselt and Sherwood
numbers while for higher values of Gr, convection mechanism
becomes more signiﬁcant. Consequently, the average Nusselt and
Sherwood numbers rise considerably with increasing the aspect
ratio.
Meanwhile, the increase in the aspect ratio has a greater effect
on the average Sherwood number rather than the average Nusselt
number for Sc > 1. Hence, the rate of mass transfer is higher than
that of heat transfer in the cavity.
Fig. 11 presents variations of the average Nusselt number with
the buoyancy ratio N in both aiding and opposing ﬂows. Since
both solutal and thermal buoyancy forces act in the same direc-
tion in aiding ﬂow, the heat transfer (based on the average
Nusselt number) in the cavity increases as the buoyancy ratio is
increased. In the opposing ﬂow something interesting happens.
For − < <1 0N , the average Nusselt number tends to decrease with
increasing value of N. In N = −1 the buoyancy forces disappear
and the dominant mode of heat transfer in the cavity is mainly
conduction. However, for N < −1 the average Nusselt number
experiences a noticeable rise as the buoyancy ratio increases,
and therefore it results in increasing heat transfer rate in the
cavity.
The effect of Lewis number on the average Nusselt and Sher-
wood numbers for the bottom–top section and different aspect ratios
is exhibited in Fig. 12. It is observed that increasing the Lewis number
increases the average Sherwood number, and it leads to enhance
the mass transfer rate in the cavity, while increasing the Lewis
number does not exert considerable inﬂuence on the average Nusselt
number and, therefore the corresponding inﬂuence on heat trans-
fer rate is not straightforward.
In order to evaluate how different thermal combinations and
buoyancy ratio affect the heat and mass transfer performance in
the cavity, the average Nusselt and Sherwood numbers are plotted
as a function of aspect ratio for different thermal active zones in
Figs. 13 and 14, respectively. Generally, the Nusselt and Sherwood
numbers are increased by increasing the aspect ratio. As seen
from Fig. 13, when the heating section is moved from top to
bottom, the average Nusselt and Sherwood numbers tend to be
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Fig. 5. Streamlines for middle–middle heating location for different buoyancy ratios, Le = 1 and Gr = 106 .
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Fig. 6. Isotherms for middle–middle heating location for different buoyancy ratios, Le = 1 and Gr = 106 .
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Fig. 7. Isoconcentrations for middle–middle heating location for different buoyancy ratios, Le = 1 and Gr = 106 .
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enhanced. As an interesting result in the bottom–top section,
we have the maximum amount of heat and mass transfer in
the cavity. However, for N = −1 5. , the average Nusselt and Sher-
wood numbers are obtained the highest in the top–bottom, while
the least effective heat and mass transfer rate is obtained in the
bottom–top section. Hence, it can be concluded that both the
buoyancy ratio as well as the placement order of thermally active
walls could be signiﬁcant in the heat and mass transfer perfor-
mance inside the cavity.
6. Conclusions
A numerical study on double diffusive natural convection heat
and mass transfer is carried out in a two-dimensional cavity par-
tially heated and cooled from the left and right sidewalls, respectively.
Three different thermal combinations including top–bottom,middle–
middle and bottom–top are considered. The analysis is mainly
concentrated on the effect of the buoyancy ratio and the arrange-
ment of partially thermal active locations on the ﬂuid ﬂow, heat and
mass transfer by double-diffusive natural convection in the cavity.
The ﬁnite-difference method is employed for the numerical simu-
lations. The major conclusions of the present analysis are
summarized as follows:
• The position of the partially thermal active walls inﬂuences the
ﬂuid ﬂow and heat andmass transfer characteristics considerably.
• In the opposing ﬂow when − < <1 0N , the ﬂuid ﬂow is mainly
dominated by thermal buoyancy effects while for N < −1 the
solutal buoyancy forces play a signiﬁcant role.
• When − < <1 0N , the heat and mass transfer rate is found to be
higher in the bottom–top section, while the top–bottom is the
least effective in terms of heat and mass transfer performance
in the cavity.
• For N < −1, the best case of partial heating and cooling zones in
terms of the heat and mass transfer performance is the top–
bottom, while the least rate of heat andmass transfer is produced
in the bottom–top thermal location.
• The rate of heat and mass transfer is minimum at the critical
buoyancy ratio ( N = −1) and at this point conduction mode
governs in the cavity.
• As the thermal Grashof number increases, the average Nusselt
and Sherwood numbers increase that leads to an increase in the
heat and mass transfer performance in the cavity.
• The vertical velocity is increased on increasing the aspect ratio.
• In aiding ﬂow, the average Nusselt number tends to be in-
creased as the buoyancy ratio increases.
• In opposing ﬂow when − < <1 0N , the average Nusselt number
decreases with increasing buoyancy ratio while it increases with
the increase in buoyancy ratio for N < −1.
• As the Lewis number increases, the average Sherwood number
enhances signiﬁcantly while the average Nusselt number does
not follow a straightforward trend with increasing the Lewis
number.
Nomenclature
Ar aspect ratio, Ar H L=
C dimensional concentration kg m3( )
D mass diffusivity m s2( )
g acceleration of gravity m s2( )
GrS SolutalGrashof number, Gr g CLS S= β νΔ 3 2
GrT Thermal Grashof number, Gr g TLT T= β νΔ 3 2
H height of heating section (m)
H height of the cavity m( )
L length of the cavity m( )
Fig. 8. Time history of the average (a) Nusselt and (b) Sherwood numbers for different aspect ratios in bottom–top section with Le = 3, N = −0 2. and GrT = 106 .
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Fig. 9. (a) Mid-height velocity, (b) temperature and (c) concentration proﬁles for middle–middle heating location, Le = 3, N = −0 2. and GrT = 106 .
Fig. 10. Average Nusselt (on the left) and Sherwood (on the right) numbers for different aspect ratios, Le = 3 and N = −0 2. .
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Le Lewis number, Le D= α
m center of the heating section m( )
M dimensionless of heating center
N buoyancy ratio, N C TC T= β βΔ Δ
Nu local Nusselt number, Nu X X= −∂ ∂( ) =θ 0
Nu average Nusselt number, Nu h Nu dY
h
= ( )∫1
p pressure kg m s2( )
Pr Prandtl number, Pr = ν α
S dimensionless concentration
Sc Schmidt number, Sc D= ν
Sh local Sherwood number, Sh S X X= −∂ ∂( ) =0
Sh average Sherwood number, Sh h Sh dY
h
= ( )∫1
T time (s)
T temperature K( )
u v, velocity components m s( )
U V, dimensionless velosity components
x y, dimensional cordinates m( )
X Y, dimensionless coordinates
Greek symbols
α thermal diffusivity m s2( )
βS coefficient of concentration expansion m kg3( )
βT coefficient of thermal expansion K−( )1
θ dimensionless temperature
ν kinematic viscosity m s2( )
ρ density kg m3( )
τ dimensionless time
ω vorticity ( s−1)
ξ dimensionless vorticity
ψ stream function (m s2 )
Ψ dimensionless stream function
Subscripts
c cold wall and low concentration
h hot wall and high concentration
Fig. 11. Variations of the average Nusselt number versus buoyancy ratio in the opposing and aiding ﬂows for Le = 1.
Fig. 12. Average Nusselt (on the left) and Sherwood (on the right) numbers versus aspect ratio for different Lewis numbers.
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